Abstract--The hydrolysis and decomposition of M-hectorite (M being Na, Li, Mg, or Ca) in dilute solutions of M-chlorides were studied by recording the changes in electrical conductivity (EC) of the clay suspensions with time, and by chemical analyses of the interclay solutions and resulting solid phases. The rate of hydrolysis of the hectorites in suspension, as evaluated by the change of EC with time, was found to decrease with increase in salt concentration (to zero for Na-hectorite in NaC1 concentration of 47 meq/liter), and to decrease with increase in the valency of the adsorbed cation (the rate of hydrolysis of Ca-hectorite was one sixth of that of Na-hectorite). The rate of Na-hectorite hydrolysis was determined by the concentration of protons at the clay surface as calculated from the diffuse double layer theory.
INTRODUCTION
The instability of Na-saturated montmorillonite and its transformation into A1-or Mg-saturated products upon leaching with distilled water has been described by Kelley (1951) , Barshad (1960) , and Bar-On and Shainberg (1970) . Recently, Brown and Miller (1971) , Shainberg (1973) , Frenkel and Suarez (1977) , and Llorca and Cruz-Romero (1977) reported that Na-smectites are not stable in dilute salt solutions even when the hydrolysis products are not removed. Shainberg (1973) found that the specific conductance, K, of Na-montmorillonite from Wyoming in suspension increased linearly with the square root of time, namely:
where K0 is the initial specific conductivity, t is the time, and S is an empirical constant which determines the slope of the line. The value of S increased with increasing clay concentration, amount of substitution in the octahedral layer, and temperature. Shainberg et al. (1974) showed that the change in specific conductance 1 Contribution from the Agricultural Research Organization, The Volcani Center, Bet Dagan, Israel. No. E-129, 1980 series. of the suspensions was a criterion of the degree of advancement of the decomposition of the clay and was related to the amount of Na released to the interclay solution.
To explain this empirical rate law, Shainberg (1973) proposed a mechanism consisting of two consecutive independent reactions, namely, the exchange between adsorbed Na + and H + from the solution (Donnan hydrolysis) and the penetration of adsorbed protons into the structure to displace octahedral Mg z+ and AP +. The first reaction was assumed to occur rapidly, whereas the second was assumed to occur slowly and to be the rate-determining one.
The latter reaction was found to be first order with respect to the H + concentration at the clay surface (Barshad and Foscolos, 1970; Shainberg, 1973) or in the equilibrium solution (Osthaus, 1956) and to involve an interdiffusion of H + with octahedral cations (Eeckman and Laudelout, 1961) . Kamil and Shainberg (1968) showed that in a montmorillonite suspension of low electrolyte concentration, Donnan exchange equations were determined by the concentration of H + at the clay surface. The concentration of H + at the clay surface (Hs) explains the instability of M+-saturated clay in dilute salt solution, and accounts for the driving force for the M § decomposition (Shainberg, 1973) . The concentration of H § at the clay surface was calculated using Gouy-Chapman theory (Kamil and Shainberg, 1968) which can be modified to include the selectivity coefficient of the H+-M+-exchange reaction.
This mechanism was applied successfully to explain the hydrolysis and dissolution of Na-montmorillonite (Shainberg, 1973; Shainberg et al., 1974) and Na-illite (Feigenbaum and Shainberg, 1975) . However, some deviations from the mechanism were reported for dioctahedral smectites: Shainberg et al. (1974) observed that the rate of hydrolysis was independent of the initial salt concentration between 0.1 and 6.0 meq/liter, and consequently of the H+s concentration predicted by Donnan exchange. Frenkel and Suarez (1977) observed a similar hydrolysis rate for Na-and Ca-montmorillonites. They suggested, following Kamil and Shainberg (1968) , that the H+s concentration of dioctahedral smectites was buffered by the presence of hydroxy-A1-polymers according to the following reaction:
[AI(H20)5OH] 2+ + H30 + = [AI(H20)6] 3+ + H~O (2) The pK of the reverse of this reaction in solution, which is the pK of hydrolysis of [AI(H20)6] 3+, is 5 (Jackson, 1963) . This dehydroxylation results in buffering the Hs concentration between 10 -5 and 10 -6 mole/liter, depending upon the actual pK of the dehydroxylation reaction. It was postulated that the rate of clay decomposition was proportional to the proton concentration at the clay surface. Thus, the presence of hydroxy-A1 polymers, which prevent high concentration of H+s at the surface, control the decomposition process at a uniform rate.
The objectives of the present work were to study (1) the chemical stability of a nearly Al-free smectite, hectorite, in dilute salt solutions, (2) the effect of the exchangeable cation on the chemical stability of the clay, and (3) the effect of artificially introduced AI on these reactions. The information obtained will enable the proposed mechanism to be tested and its validity to be extended over a wide range of experimental conditions, as well as the effect of hydroxy-A1 on the dissolution rate of clays, to be determined.
MATERIALS AND METHODS
Hectorite from Hector, California (A.P.I. No. 34a) was used in this study. The structural formula of this clay is (Mg~.42,Lio.68,A10.016)vI(si8)IvO20(F,OH)4Na0.G6 (American Petroleum Institute, 1951) . The clay was hand-ground and then stirred continuously in a 1.0 N NaC1 solution. To remove carbonate impurities, 0.1 N HC1 solution was added slowly to the suspension, which was maintained at pH 1> 5. Carbonate was assumed to be absent when the pH stabilized at pH 5 for a two-hour period.
The hectorite was subsequently Na-saturated by three washings with 1.0 N NaC1 (clay/solution ratio of 1/15), excess salt was removed by washing twice with distilled water, and the clay was then resuspended for size fractionation in distilled water (2%). The <2-/xm fraction was siphoned out of the suspension and concentrated in 1.0 N NaC1. The cation-exchange capacity (CEC) of the clay fraction, as measured by the ammonium acetate method (Black, 1965) , was 80 meq/100 g. The clay was then saturated with Na, Ca, Mg, and Li cations by four successive washings with 1.0 N chloride solutions of the respective cations (clay/solution ratio of 1/15). Part of the hectorite clay was also Al-saturated by five washings with a 1.0 N AICl3 solution.
Following the procedure of Frink and Peech (1963) , the excess salt was removed and the Al-hectorite was equilibrated for one week in a 0.1 N NaC1 solution conmining Mg(HCO3)2 (62 meq/100 g of clay). This hectorite fraction was subsequently Na-, Ca-, Mg-, and Lisaturated as described above. The M-hectorite clays (M = Li, Na, Ca, Mg) in 1.0 N chloride solutions were washed once or twice with 10 -3 M chloride solution.
For the lower initial salt concentration an additional washing with 10 4 M chloride solution was carried out. The range of initial salt concentrations investigated was from 10 -4 N to 0.06 N. The clay concentration in the suspension was 2 or 1.2% (w/v). Plastic vials containing the suspensions were sealed hermetically and shaken continuously in a water bath at 30~ for two weeks. Specific conductance and pH were measured periodically. For some of the Na-clay suspensions, changes in the chemical composition of the interclay solution were also followed. At the end of the experiments, the clays and the interclay solutions were separated by centrifugation, and each phase was analyzed for its chemical composition. The exchangeable cations and CEC were analyzed by the ammonium acetate method. Li and Na concentrations were measured by flame photometry, Ca, Mg, and A1 by atomic absorption spectroscopy, C1 by titration with AgNO3 using a chloridometer, and Si by the ammonium molybdate colorimetric method (Black, 1965) . Following the two weeks of shaking, centrifugation, and removal of the supernatant solution, some of the hectorite suspensions were resuspended in fresh solutions of the same initial salt concentration. The clay suspensions were shaken and their pH and EC recorded. As many as four shaking cycles were performed with some of the samples.
RESULTS AND DISCUSSION
The specific conductance, K, of Na-hectorite suspensions ( Figure 1 ) and the corresponding ionic concentrations of the interclay solution ( Figure 2 ) both increased linearly with the square root of time. The slope of the EC line, S, depended on the initial salt concentration, and dissolution of structural cations followed a rate law similar to that which described the release of the exchangeable cations. The slope of the K lines for hectorite suspensions with various initial salt concentrations and various exchangeable cations, and during the successive shaking cycles, are presented in Table  1 . The slope values of the Ca-, Mg-, and Li-hectorite suspensions were adjusted with respect to the EC of the Na-hectorite system by considering the equivalent conductance of the various cations in dilute solutions. These adjusted slope values are also presented in Table  1 as is the chemical composition of the supernatant solutions extracted at the end of the shaking treatments. By comparing the EC of the suspensions with the chemical data of the supernatant, it is evident that the increase of the M + and M 2+ concentration in the interclay solution was the main cationic contribution to the EC changes.
The linear change in EC of the hectorite suspensions is expressed by Eq. (1) and is similar to that obtained by Shainberg et al. (1974) for various dioctahedral montmorillonites. One would therefore expect, a priori, that hectorite follows the same reaction mechanism as that proposed for dioctahedral smectites (Shainberg, 1973; Shainberg et al., 1974) . From the data in Table I , the following effects are apparent:
Effect of salt concentration
That the rate of hydrolysis decreased with the increase in initial salt concentration is clearly illustrated by the results obtained with 1.2% Na-hectorite suspen- sions. Here a gradual decrease in the hydrolysis rate, down to zero, was obtained for NaCI concentrations increasing from 0.1 to 47 meq/liter. Kamil and Shainberg (1968) postulated that the driving force of the hydrolysis reaction is the H + concentration at the clay surface, H+~. This concentration may be estimated, for various C1 concentrations, using the Boltzmann equation:
where H+0 is the H + concentration in the interclay solution, e is the electronic charge, ~bs represents the electrical potential at the clay surface in e.s.u, units, k is the Boltzmann constant, and T is the absolute temperature. The term tks can be calculated from diffuse double layer theory (Van Olphen, 1963) . The H+~ value computed in this way for the various Na-clay suspensions are also presented in Table 1 . These data show that increasing the salt concentration in the suspension resuited in a decrease in the proton concentration at the clay surface, and consequently in a decrease in the dissolution rate of Na-hectorite. As postulated by Shainberg (1973) , the rate-limiting step of the reaction was the penetration of adsorbed H § into the lattice with the release of octahedral cations, which depended linearly on the H+s concentration.
Effect of the exchangeable cation
Ca-hectorite. The rate of hydrolysis of Ca-hectorite was about one-sixth of that measured for Na-hectorite when the other parameters (clay and salt concentration) were held constant. According to the diffuse double layer theory, the value of H+s in Eq. (3) for a clay saturated with divalent cation is half that for one saturated with a monovalent cation when the electrolyte concen- tration in the suspension is kept equal. Accordingly, a lower surface concentration ofH § is expected for a clay saturated with divalent cation than for one saturated with monovalent cation. It is evident from Table 1 that the H+s concentrations for Ca-hectorite suspensions are about two orders of magnitude lower than those for Na-clay suspensions. The low H + concentration at the surface of Ca-hectorite clay explains the low hydrolysis rate of this clay. However, the real concentrations of adsorbed H § in Ca-hectorite were probably higher than those presented in Table 1 . In the Gouy calculation it was usually assumed that the platelets are far apart. However, in Ca-montmorill0nite, tactoids or quasicrystals are formed with extensive overlapping of the diffuse double layers (the d(001) spacing between the platelets in a Ca-tactoid is 18.9/~). As a result of the overlapping, the electrical potential at the clay surface increases (Van Olphen, 1963) , and the concentration of adsorbed H § increases. The suspension pHs recorded for Ca-hectorite were higher than those observed for the other M-hectorite suspensions (Table 1) . Moreover, the pH values, at the end of the shaking (when the system tends to equilibrate with atmospheric CO2), were close to the computed values for a system where the pH is controlled by a calcite phase: pH + 1.2 log(Ca 2+) = 4.92 -89
It is postulated that a Ca-hectorite suspension was transformed spontaneously into a hectorite-calcite-solution system and that the presence of calcite accounted for the higher suspension pH and lower H+s concentration and, hence, for the higher stability of the Ca-saturated clay.
Mg-hectorite. The rate of hydrolysis of the Mg-saturated clay (Table 1) was lower than that found for Cahectorite. The difference between Ca-and Mg-hectorite becomes more significant if the difference in the pH of the suspension (7.5 and 8.5-9.0 for Mg-and Casuspensions, respectively) is considered. The lower pH of Mg-clay suspensions renders the computed H+s concentrations much higher for the Mg-clay than for the Ca-hectorite. Thus, exchangeable Mg must exert a specific rate-reducing effect on the hectorite-hydrolysis. It is possible that Mg, also an octahedral cation in the hectorite structure, stabilized the clay by slowing down the diffusion of structural Mg towards the clay surface. The presence of a high concentration of Mg at the clay surface would slow down the release and diffusion of the octahedral Mg out of the framework and hence reduce the overall reaction rate.
Li-hectorite. The hydrolysis rates of the Li-hectorite suspensions were lower than those found for the Naclay suspensions at the same concentrations of clay and salt in the suspensions (Table 1) . The H+s concentrations, estimated for both Li-and Na-clays, however, were of the same magnitude. It thus appears that exchangeable Li also exerts a specific effect on the rate of hydrolysis, and that this effect is superimposed on the relationship between the H+s concentration and the reaction rate. A similar effect was obtained for Mg-hectorite. It should be remembered that both cations are about the same size (0.65 and 0.60/~ for Mg 2 § and Li § respectively) and that both fit into the octahedral sheet. Moreover, both constitute part of the hectorite structure. Thus, the specific effect of Li may be explained by a mechanism similar to that of Mg, namely, slowing down of the interdiffusion of the octahedral cation into the exchange phase by reducing the driving force for the diffusion. It is also possible that the specific effect exerted by Li and Mg is of a more general nature, namely, that the presence of a cation which may occupy the octahedral sites reduces the rate of clay decomposition.
Effect of clay concentration
From the results obtained in this study it is not possible to determine the influence of clay concentration on the hydrolysis rate, due to the simultaneous variation of other parameters (pH and salt concentration). Nevertheless, the data on dioctahedral montmorillonite obtained by Shainberg (1973) and by Shainberg et al. (1974) suggest that the rate of EC increase, S, is linearly related to the square root of the clay concentration in the suspension. This relationship was also predicted by the reaction model proposed by Shainberg (1973) . A similar trend was observed in this study with hectorite clay suspensions. Table 1 shows that when clay and salt concentrations were held constant the rate of Na-hectorite hydrolysis decreased gradually from one shaking cycle to the next. For example, in suspensions with 1.2 meq/liter of NaC1 the S values were 10.4, 5.1, and 4 mho/cm/hr 1/2 for three successive shaking cycles. One explanation of this phenomenon is that as the hydrolysis proceeded, the concentration of negative sites saturated with Na and available for further hydrolysis decreased from one batch to the next. Since the rate of EC increase is linearly related to the square root of the clay (or exchange sites) concentration in the suspension, it is expected that a decrease in adsorbed Na will be accompanied by a decrease in the decomposition rate. However, in suspensions with 1.2 meq/liter NaC1, only 20% and 8% of the exchangeable Na were released during the first and second cycles, respectively. It is thus obvious that the decrease in concentration of Na-saturated sites alone cannot account for the considerable changes in the reaction rates observed, and that an additional explanation is needed.
Effect of shaking cycle
Considering the reaction mechanism of Shainberg (1973) , it is expected that during decomposition, exchangeable Na will be replaced by octahedral Mg and that the proportion of exchange sites saturated with Mg cations will therefore increase in successive shaking cycles. Since exchangeable Mg slows down the hydrolysis rate and increases the chemical stability of the clay, it is likely that the progressive decrease in hydrolysis rate obtained when subjecting the clay to successive shaking cycles was due mainly to the increase in Mg concentration at the clay surface. Our data indicate that when 20% and 28% of the exchange sites are Mg-saturated the reaction rate is reduced, respectively, to 50% and 40% of the rate of decomposition of homoionic Na-clay suspensions. Complete Mg-saturation of the exchange sites (Table 1 ) reduced the hydrolysis rate to about 10% of that of the Na-clay suspension.
Effect of A1 presence on the clay
Increasing the salt concentration (from 0.1 to 6 meq/ liter) in a Na-saturated dioctahedral smectite suspension had no influence on the rate of the dissolution reaction (Shainberg et al., 1974) . Similarly, Frenkel and Suarez (1977) observed a similar hydrolysis rate for both Ca-and Na-saturated montmorillonite suspensions. Conversely, with hectorite, a clay mineral with very little structural A1, the hydrolysis rate was found to depend on both the salt concentration and the exchangeable cation, and this dependence could be predicted on the basis of the concentration of H + at the clay surface. The difference between hectorite and the other smectites may be explained by the presence of A1 and hydroxy-A1 polymers in the dioctahedral smectite suspensions. This hypothesis was tested in the following way: Hectorite clay was artificially saturated with hydroxy-A1 polymers using the procedure described by Frink and Peech (1963) . The Al-hectorite was subsequently saturated with Na, Ca, Mg, and Li, and its chemical stability in low salt solution was studied. As a result of the treatment, the CEC of the clay dropped from 80 to 52.6 meq/100 g. According to Frink and Peech (1963) , clay dissolution occurring during the A1-saturation process accounted for a CEC reduction of 10 meq/100 g. The remaining 17.4 meq/100 g drop was caused by the fixation of A1 polymers and by charge blocking. When Al-hectorite was submitted to NaNO3 treatment for 6 hr (Frink, 1965) , 21.7 moles of nonexchangeable A1 was extracted per 100 grams of clay. Frink and Peech (1963) concluded that the Al-coating treatment resulted in the deposit of hydroxy-A1 polymers with an OH/A1 molar ratio of about 2.20. This value is in agreement with those usually reported for such polymers (Barnishel, 1977) .
The EC of the various M +-and M2+-Al-hectorite suspensions also increased linearly with the square root of time. The slopes and the adjusted slopes (accounting 1 Accounting for the equivalent conductivities of the various cations (in comparison to Na).
for the equivalent conductivity of the various cations) of the EC lines and the chemical composition of the interclay solutions extracted at the end of the shaking experiments are recorded in Table 2 . It is evident that for Al-clay, the rate of hydrolysis was unaffected by the initial salt concentration. In addition, a similar hydrolysis rate was obtained for both Na-and Ca-hectorite suspensions. No relationship was found between the rate of exchangeable-cation release and the computed H+s concentration (Table 2) . For instance, similar reaction rates were noted for the Na-and Ca-hectorites, in spite of a three orders of magnitude difference in the computed H+s concentrations. Thus, the presence of Al-polymers at the clay surface must control the surface concentration of H +, and subsequently the rate of hydrolysis and dissolution of the clay is independent of both the salt concentration in the interclay solution and the valence of the exchangeable cation. The slopes obtained for Na-and Ca-saturated, Al-coated hectorite were similar to those obtained for Na-hectorite in about 5 meq/liter solutions ( Table 1) . H+s of the Na-hectorite suspension at this solution concentration was estimated at l0 -5 N (Table l) ; thus, if the H+s concentration determined the rate of hydrolysis, the concentration of H+s at the surface of Al-coated clay is also 10 -5 N, irrespective of the salt concentration and the type of exchangeable ion. A similar value for H+s was suggested by Kamil and Shainberg (1968) that is within the second buffer range observed by Schwertmann and Jackson (1964) by titrating partially neutralized Al-hydroxy-solutions. It should be emphasized that for Na-hectorite suspended in dilute NaC1 solutions (less than 5 meq/liter), a deposit of Al-polymers on the clay surface has the effect of controlling the H+s concentration at levels lower than those expected from double layer theory. Thus, in this case, the presence of Al-polymers acts as a stabilizing factor for the clay. The reverse is true for Ca-saturated clay, in which AI has the effect of controlling the H+s concentration at a level which is higher than that predicted from double layer theory, and thus appears to promote instability in the clay. Mg-and Li-saturated, Al-coated hectorites hydro- Li-clay 1 cycle in 10 -4 N solution 3.36 10.68 0.5 0 lyze much more slowly than the other M-saturated clay ( Table 2 ). The specific effect of these structural cations on the reaction rate is evident in Al-coated clays as well.
Suspension pH. For both untreated and Al-hectorite, the pH of the suspension measured at the beginning of the shaking experiment was higher than that predicted by assuming equilibrium with atmospheric COs. This was also observed for dioctahedral smectites (Llorca and Cruz-Romero, 1977) . At the end of the shaking experiments, however, the pH of the hectorite suspension coincided with the calculated equilibrium value, whereas the pH of the Na-saturated, Al-clay suspension was significantly lower than the equilibrium pH value. This suspension acidification, reported by Llorca and CruzRomero (1977) for dioctahedral smectites, was" also obtained with Al-hectorite, suggesting that the presence of AI and hydrolysis in the system are responsible for the phenomenon postulated by these authors.
Clay dissolution
The amounts of exchangeable cations, octahedral" Mg, and tetrahedral Si released by the clay during the shaking treatments are presented in Table 3 . For Nahectorite, the amounts of Mg and Si released from the clay were proportional to the amount of exchangeable Na that had been removed. For Na-hectorite, at least,, this relation is stochiometric, and one equivalent of octahedral Mg (most of which remains on the exchange sites) is released for each equivalent of exchangeable Na removed. The same relationship was not evident for Ca-and Li-saturated hectorites, where the amount of Mg released from the framework was greater than the amount of adsorbed cations released.
The hydrolysis reaction proceeded also with the tetrahedral sheet dissolution although more slowly than that of the octahedral sheet (Table 3 ). The extent of hectorite dissolution accompanying exchangeable cation release is thus highly unexpected. The CEC values of the clays dropped slightly during the hydrolysis reaction ( Table 3 ), indicating that the rate of dissolution of the octahedral sheet, where the charge originated, was more rapid than that of the tetrahedral sheet. Thus, as a result of dissolution the weight of the clay diminished, but more slowly than the charge. The differences in the rates of octahedral and tetrahedral dissolution were especially pronounced in Na-hectorite subjected to three cycles of shaking. In this case, the amount of Mg released was 41.35 meq/100 g and that of Si was only 9.2 mmole/100 g, leading to a change in CEC of 31.9 meq/100 g.
CONCLUSIONS
Al-free hectorite appears to be a good model for studying the mechanism of M+-smectite hydrolysis in dilute salt solution proposed by Shainberg (1973) . Any modifications which result according to double layer theory, in a decrease in the proton concentration at the clay surface, such as increasing the salt concentration or saturating the clay with a divalent cation, reduce the hydrolysis rate. This observation supports the hypothesis that the rate-limiting step of the overall hydrolysis reaction is the protonic dissolution of the octahedral sheet and that the reaction rate depends on the proton concentration at the clay surface.
The rate of hydrolysis of the clay saturated with octahedral cations (Li or Mg) was lower than that of either the Na-or Ca-saturated clay. The slow rate of dissolution can be explained in terms of the diminished driving force for the octahedral cation to interdiffuse towards the adsorbed phase. An Al-hectorite behaves like the dioctahedral smectites investigated previously. The same deviations from the model occur, i.e., the reaction rate is independent of the solution concentration and the valency of exchangeable cation (Na vs. Ca) . Comparison between a pure untreated and an AIhectorite shows that the presence of hydroxy-aluminum polymers buffers the H + concentration at the clay surface, and is thus the dominant factor in determining the rate of the clay dissolution. A1 is a constituent of most of the clay minerals and under natural conditions is present at the clay surface of these minerals. The buffer effect of hydroxy-A1 polymers is, therefore, a common phenomenon in nature.
